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Physical activity evokes well-known adaptations in the cardiovascular system. Although exercise training induces cardiac
remodeling, whether multipotent stem cells play a functional role in the hypertrophic process remains unknown. To evaluate
this possibility, C57BL/6 mice were subjected to swimming training aimed at achieving cardiac hypertrophy, which was
morphologically and electrocardiographically characterized. Subsequently, c-Kit+Lin− and Sca-1+Lin− cardiac stem cells (CSCs)
were quantified using flow cytometry while cardiac muscle-derived stromal cells (CMSCs, also known as cardiac-derived
mesenchymal stem cells) were assessed using in vitro colony-forming unit fibroblast assay (CFU-F). Only the number of
c-Kit+Lin− cells increased in the hypertrophied heart. To investigate a possible extracardiac origin of these cells, a parabiotic
eGFP transgenic/wild-type mouse model was used. The parabiotic pairs were subjected to swimming, and the wild-type heart
in particular was tested for eGFP+ stem cells. The results revealed a negligible number of extracardiac stem cells in the heart,
allowing us to infer a cardiac origin for the increased amount of detected c-Kit+ cells. In conclusion, the number of resident
Sca-1+Lin− cells and CMSCs was not changed, whereas the number of c-Kit+Lin− cells was increased during physiological cardiac
hypertrophy. These c-Kit+Lin− CSCs may contribute to the physiological cardiac remodeling that result from exercise training.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the
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http://dx.doi.org/10.1016/j.scr.2015.05.011
1873-5061/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
152 C.F. Leite et al.Introduction
Exercise training promotes a series of adjustments in the
myocardium, with the main morphological adaptations
attributed to hypertrophy — a stereotyped response of the
heart (Abel and Doenst, 2011), which results in an increase
in the cardiac chamber with a proportional change in wall
thickness (McMullen and Jennings, 2007) and which consti-
tutes a major mechanism of cardiac muscle adaptation
against volume overload.
Cardiomyocyte hypertrophy is the dominant contributor to
exercise-induced cardiac enlargement (Mann and Rosenzweig,
2012). Until recently in the history of medical science, it was
believed that the heart was a static and post-mitotic organ,
without regenerative capacity (Beltrami et al., 2003; Ellison,
Waring, Vicinanza, and Torella, 2012; Chan, Shueh, Liu, and
Hsieh, 2009); i.e., the number of cardiomyocytes in an
individual would be established at birth (Kajstura et al.,
2010; Barile, Messina, Giacomello, and Marbán, 2007).
However, it is currently known that cardiomyocytes are
renewed throughout life, albeit at very low rates. Compelling
evidence suggests cell turnover and an intrinsic regenerative
capacity in the mammalian heart (Barile et al., 2007).
Accordingly, concomitant with the cardiomyocyte hyper-
trophy, the number of heart cells also increases in response to
exercise (Waring et al., 2014), while the physiologically
hypertrophied heart maintains its normal cardiac structure.
Although they are exceptionally complex cells with contractile
fibrils organized into sarcomeres, cardiomyocytes, especially
the small and immature cardiomyocytes, are capable of
undergoing mitosis, albeit at very low rates (Bersell et al.,
2009). However, this ability to divide is dependent on the
presence of an inducing stimulus and is still quite limited in
binucleated cardiomyocytes (Bersell et al., 2009). Therefore,
in addition to the cardiomyocyte hypertrophy in the hearts of
trained individuals, the cardiac cell number would also
increase due to the division of pre-existing cardiomyocytes.
However, research in the last few years also showed that
heart tissue homeostasis is maintained by the presence of
cardiac stem cells (CSCs), which are organized into niches in
the heart (Barile et al., 2007). These CSCs include c-Kit+Lin−,
Sca-1+Lin− and cardiac muscle-derived stromal cells (CMSCs,
also known as cardiac-derived mesenchymal stem cells). The
c-Kit+Lin− and Sca-1+Lin− cells can be distinguished via specific
phenotypic markers and have clonogenic and self-renewal
capacity, as well as the capability to differentiate into the
three major cardiac lineages: myocytes, endothelial cells and
smooth muscle cells (Gambini et al., 2011; Wang et al., 2014).
CMSCs, which occupy the perivascular niche, have an
important role in maintaining the integrity of matrix, stroma
and vessels of the heart and also in contributing to
parenchymal homeostasis, especially in injury and disease
(Chong et al., 2011).
In cardiac hypertrophy associated with pathological
processes, it has been shown that CSCs participate in the
reparative processes (Ellison et al., 2013; Leri et al., 2005);
however, extensive damage cannot be completely reversed,
indicating that the regenerative potential of these stem
cells during a damage challenge is limited (Chan et al., 2009;
Hatzistergos et al., 2010B; Bailey et al., 2009). For the
physiological cardiac hypertrophy observed in exercise
training (Waring et al., 2014; Xiao et al., 2014b), pregnancy(Xiao et al., 2014a) or postnatal growth (Mann and
Rosenzweig, 2012), little is known about the role of resident
CSCs. Waring et al. (2014) have demonstrated that c-Kit+
CSCs play an active role during physiological cardiac
hypertrophy in mice specifically for exercise training.
Whether the CMSCs are involved is not yet known. Because
of the evidence supporting the existence of circulating stem
cells capable of differentiating into cardiogenic cells
(Beltrami et al., 2003; Quaini et al., 2002), it would also
be worthwhile to investigate whether physical exercise
training creates an attractive stimulus for noncardiac
undifferentiated cells.
Therefore, the aim of the present study was to quantify
the number of three different types of resident multipotent
CSCs (c-Kit+Lin−, Sca-1+Lin− and CMSCs) in a mouse model of
physiologically hypertrophied hearts. Another aim was to
determine whether extracardiac stem cells are recruited to
the heart during physiological cardiac hypertrophy using a
parabiotic eGFP transgenic/wild-type mouse model.
Methods
Experimental animals and groups
Male C57BL/6 mice and eGFP (enhanced Green Fluorescent
Protein) transgenic mice, which constitutively express
enhanced green fluorescent protein, were kept under
controlled and stable conditions (temperature 22 °C, hu-
midity 40–70% and light–dark cycle of 12/12 h) with free
access to water and feed. All animals were obtained from
the animal facilities of the Department of Physiology,
Federal University of Triangulo Mineiro (UFTM) in Uberaba/
MG, Brazil and received humane care in accordance with the
ethical principles of animal experimentation adopted by the
Brazilian College of Animal Experimentation (COBEA), and
the protocol was approved by the UFTM Ethics Committee on
Animal Use (Protocol number: 330).
The studied animals were allocated into four experimen-
tal groups: (i) Sedentary group; (ii) Trained group; (iii)
Parabiotic Sedentary group; and (iv) Parabiotic Trained
group.
Parabiosis
An eGFP transgenic male mouse at six weeks of age was
surgically joined through the technique of parabiosis to a
wild-type (WT) male mouse of the same age after at least a
week in common housing (Bailey et al., 2006). The animals
were anesthetized for complete muscular relaxation using
ketamine and xylazine (100 mg/kg ketamine and 10 mg/kg
xylazine) (Bailey et al., 2006). After the trichotomy of the
corresponding lateral segments, an incision was made along
the side of the body of the animals (from the olecranon to the
knee joints) with dissection of the subcutaneous fascia to
generate 0.5 cm of free skin (Wright et al., 2001). The knee
and olecranon were united with 4.0 silk, and the skin was
joined using a continuous suture with mononylon 6.0. Postop-
erative analgesia was provided using a 1.0 mg/kg i.m. dose of
meloxicam, and the animals received autoclaved water
supplemented with 0.16 mg/mL Baytril (McKinney-Freeman
and Goodell, 2004) for seven days.
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fication of the eGFP+ cells in the blood. Red blood cells were
removed from the blood samples collected from both
animals (WT and eGFP) using lysing buffer (Lysing Buffer —
BD-Biosciences Inc., San Jose, CA), and then the frequency
of green fluorescent cells (Villeda et al., 2011) was analyzed
by flow cytometry, using FACSCalibur equipment and
CellQuest software (Becton, Dickinson and Company, San
Jose, CA), with 50,000 events acquired from each sample for
analysis.
Physical training protocols
Nine- to twelve-week-old mice from the Trained group
underwent a swimming training protocol, which consisted of
two daily sessions lasting 90 min each, five times a week for
four weeks (Evangelista et al., 2003; Sun et al., 2013). The
training was conducted in a glass box containing water at a
controlled temperature (30 to 32 °C) (Evangelista et al., 2003;
Sun et al., 2013) and a device that emitted bubbles to prevent
the animals from floating (Evangelista et al., 2003). The
training sessions occurred in the dark period of the cycle of the
animal between 7:00 and 19:00 h (Evangelista et al., 2003).
For 10 days prior to the training protocol, the Trained group
was acclimatized to the unfamiliar activity (Souza et al., 2013).
For the first two days, themice were placed in a container with
shallow water (5 cm) to reduce the stress of aquatic training
(Souza et al., 2013) without promoting adaptation to physical
training. On subsequent days, the water level was increased,
and the animals began swimming for 10 min during two daily
sessions, and the total timewas increased by 10 min every day.
Upon reaching duration of 90 min, the training protocol was
initiated (Supplementary Fig. 1A). To simulate the water stress
associated with the experimental protocol, the animals from
the Sedentary group were placed in the swimming apparatus
every day, twice a day, for thirty seconds.
Animals from the Parabiotic Trained group were also
acclimated to the swimming apparatus. The training ramp
protocol consisted of 5 min of initial time and daily
increments of 5 min, performed in two daily sessions, until
the establishment of a total period of 40 min per session (see
Supplementary movie). At this point, the physical training
protocol was maintained with two daily sessions of the same
duration, five times a week, for a total period of three weeks
(Supplementary Fig. 1B).
Although the surgical technique was identical for all pairs
of animals, not all of them presented enough coordination
for swimming, and a success rate of approximately 60% was
obtained. Thus, when incoordination was observed between
a pair of animals during swimming on the first day in deep
water, the pair of animals was designated to the Parabiotic
Sedentary group. Thus, the pairs of animals were divided
into the Trained and Sedentary parabiotic groups after this
initial test, and for expediency, the animals were allocated
to the groups based on the capacity for swimming.
Electrocardiographic recordings
Prior to the beginning of the training protocol and on the day
after the last training session, the animals from the Trained
and Sedentary groups underwent baseline electrocardiogramrecordings. The mice were anesthetized with tribromoethanol
(250 mg/kg, i.p.) and placed in supine position on the table for
the electrocardiogram (ECG) recording using a portable
six-channel electrocardiograph (Model ER-661, Medicor,
Budapest, Hungary) coupled to a computerized data acquisi-
tion system (WinDaq/Pro+, DATAQ Instruments, Akron, OH,
USA). The sampling rate of the signal acquisition was 3000 Hz.
Small needle electrodes were connected to the animals
according to established standard positions for the leads of
the frontal plane (D1, D2, D3, aVR, aVL, and aVF). The
following parameters were evaluated: RR interval (RRi),
P-wave duration (Pd), PR interval (PRi), QRS-wave duration
(QRSd), QT interval (QTi), and corrected QT interval (corQTi),
defined as the QT interval corrected for RR interval by Bazett's
formula: corQTi = QTi (s) / [RRi (s)]1/2. All tracings were
analyzed by a single blinded evaluator.
Evaluation of physiological cardiac hypertrophy–
histology and cardiac mass index
Animals were weighed after receiving a supra-anesthetic dose
of tribromoethanol (500 mg/kg i.p). For morphological mea-
surements, the hearts were excised, weighed and immediate-
ly fixed with 4% paraformaldehyde. The cardiac index was
calculated as the ratio of the absolute heart weight (mg) to
the animal body weight (g) and the ratio of the absolute heart
weight to the tibiae length (cm). The tibiae of the animals
were excised, dissected andmeasuredwith a caliper (from the
tibial condyles to the top of malleolus). Thus, the ratio of the
heart weight to the size of the tibia (Moreira et al., 2009) and
the ratio of the heart weight to the body weight (Saupe et al.,
2003) were used as indices of myocardial hypertrophy.
After fixation (24 h), the hearts were dehydrated, embed-
ded in paraffin, and then sectioned to 5 μm. Then, tissue
sections were stained with picrosirius red for collagen
deposition analysis using a polarized light microscope and
with hematoxylin–eosin (HE) to measure the cross-sectional
area and diameter of the cardiomyocytes (Zhang et al., 2011)
using a bright field microscope (Axio-Observer Z1, Carl Zeiss,
Germany). This last assessment was performed using Image-J
analysis software. Fifty cardiomyocytes from the left ventricle
that showed a nucleus in the central area and a well-defined
outline of the cytoplasmic membrane that was not covered by
neighboring cells had their cross-sectional areas measured. In
addition, the smallest cross-sectional diameter (minor trans-
verse axis) of each cardiomyocyte was measured (Tracy and
Sander, 2011) that had its area quantified through a
rectilinear extent drawn by the core region.
Vascular density in the gastrocnemius muscle and
cardiac tissue
To demonstrate the effectiveness of exercise training in the
skeletal muscles and heart, capillaries were indirectly
measured by means of the alkaline phosphatase activity,
which was determined using the substrates of the BCIP®/NBT
system (5-bromo-4-chloro-3-indolyl-phosphate and nitro-blue
tetrazolium) (Sigma Aldrich, St. Louis, MO, USA). The number
of capillaries was measured in 10 μm thick slices from the
gastrocnemius muscle or cardiac tissue (left ventricle) of
sedentary and trained animals. After the removal the
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quantify the vascular density, the relation between the
numbers of vessels/muscle fibers was measured in 20 fields
of sequential samples that were acquired and quantified by a
blinded researcher.
Flow cytometry for the quantification of c-Kit+Lin−
and Sca-1+Lin− cardiac stem cells
The CSCs that were phenotypically defined as c-Kit+Lin− and
also Sca+Lin− were quantified in the animals from the
Sedentary and Trained groups. For the extraction of cardiac
cells, an enzymatic digestion step was required, applied to
fresh heart tissue. The hearts were sectioned into multiple
very small pieces and treated with trypsin–EDTA 0.25% in a
water bath (37 °C for 10 min). After this process, a centrifu-
gation was performed, and this cycle was repeated twice.
After the last centrifugation, the obtained pellets were
re-suspended and then filtered through a 40 μm cell strainer.
Horse serum was added to the cell pellet to block nonspecific
reactions. The cells were counted in a Neubauer chamber
using light microscopy. After they were counted, the cells
were aliquoted proportionally. Prior to the addition of the
antibodies of interest, all tubes received mouse Fc BlockTM
(Purified Rat Anti-Mouse CD16/CD32 — BD Bioscience). The
samples received anti-Sca-1 (PE rat anti-mouse Ly-6A /E — BD
Bioscience), anti-c-Kit (FITC rat anti mouse CD117 — BD
Bioscience), and anti-Lineage (APC Mouse Lineage Antibody
Cocktail— BD Bioscience) antibodies. The data acquisitionwas
performed on a FACSCalibur flow cytometer using CellQuest
software (Becton and Dickinson Company, San Jose, CA), and
50,000 events were acquired for the analysis of each sample.
For the experiments with parabiotic animals, only the
hearts of the wild-type animals from the parabiotic pairs
were studied. The cells were obtained using the methods
described above, and the purpose of the research was
focused on the quantification of the c-Kit+ and Sca-1+ stem
cells that were in the heart from the wild-type animal but
did not originate from this tissue. In these hearts, the stem
cells that co-expressed eGFP were explored. Thus, the cells
of interest were eGFP+c-Kit+Lin− and eGFP+Sca-1+Lin−. For
this purpose, the fluorescence labeling anti-c-Kit antibody
was replaced with phycoerythrin (PE rat anti-mouse CD117 —
BD Bioscience).
Colony-forming assay
For colony-forming assay, which defines a cardiac
muscle-derived stromal cell (CMSC) through the efficiency in
originating cardiac colony forming unit-fibroblast (cCFU-Fs),
the extraction procedure for cardiac cells was dependent on
enzymatic digestion applied to fresh heart tissue and followed
the same protocol described above for the flow cytometry
assay (three sequential 10-minute cycles of trypsin, followed
by centrifugation). The cells were counted, resuspended in
DMEM with antibiotics and fetal bovine serum (FBS), and
placed in 24-well plates at a density of 50,000 cells/cm2, in
quadruplicate.
Because the source of circulating stem cells could be bone
marrow or even the spleen, we also collected peripheral blood
(500 μL of heparinized blood from the descending aorta), redbone marrow from tibiae and femurs, and the spleen to
quantify the CFU-F amounts at these different sites (namely
blood-CFU-F, splenic-CFU-F and bone marrow-CFU-F, respec-
tively) in both the Sedentary and Trained groups. In a laminar
flow chamber, the tibia and femur bone epiphyses were
removed, and the bone marrow was extracted by flushing
Hank's solution inside the bone. Likewise, in the laminar flow
chamber, the spleen was subjected to a mild trituration, and
the supernatant was collected and subjected to erythrocyte
lysis. Sequential centrifugations and washings were per-
formed, and, at the end, the cells from bone marrow, spleen
and blood were resuspended in Dulbecco's modified medium
(DMEM) containing 10% FCS and 1% antibiotics (penicillin/
streptomycin) and were distributed in 24-well plates at a
density of 100,000 cells/cm2, in quadruplicate.
The plate with cells was left in an incubator with 5% CO2
at 37 °C, and the medium was changed on the 3rd and 8th
days after plating. On the 13th day, the medium was
removed, and the cells washed with PBS and then stained
with Giemsa for counting of the colonies. Clusters of cells
were considered to be a colony if they contained 50 or more
fibroblastoid cells (Rombouts & Ploemacher, 2003).
Statistical analysis
All data were expressed as the mean ± standard error of the
mean (SEM). The normality of the data was checked with the
D'Agostino and Pearson omnibus normality test. Parametric
data were analyzed by a t test or ANOVA with Bonferroni
post-test. For non-parametric data, Mann–Whitney or Kruskal–
Wallis test with Dunn's post-test was used. The differences
were considered statistically significant when p b 0.05.
Results
Physiological cardiac hypertrophy after swimming
exercise training
The heart weight normalized to the body weight and the
heart weight normalized to the tibial length were signifi-
cantly higher in trained animals than in sedentary animals
(Figs. 1A–B), confirming the presence of cardiac hypertro-
phy resulting from the exercise training. The animals from
the Trained group did not show significant weight loss with
the exercise training (Fig. 1C), thus excluding the possibility
that a reduction in the body weight of the trained animals
caused the cardiac hypertrophy.
Histological analyses of the heart evidenced that the
myocyte cross-sectional areas presented a mean value of
282.6 ± 19.66 μm2 in the Trained group vs. 193.4 ± 21.03 μm2
in the Sedentary group (p = 0.0098), representing an average
increase of 46% for the exercise training (Figs. 1D–E).
Concurrently, the minor transverse axis was also statistically
higher in trained (14.17 ± 0.51 μm) compared to sedentary
(11.57 ± 0.66 μm) animals (p = 0.0077).
Additionally, the cardiac hypertrophy occurred in the
absence of fibrotic tissue growth (Figs. 1F–G). Furthermore,
swimming caused an increase in the vascular density of the
gastrocnemius muscle because, in the Sedentary group, the
ratio between vessels and muscle fiber was 0.47 ± 0.035,
and in the Trained group this ratio reached 0.758 ± 0.05,
Figure 1 Physiological cardiac hypertrophy was achieved through endurance exercise training. (A) Normalization of the heart weight by
the body weight as an indicator of physiological cardiac hypertrophy; *p = 0.0033; unpaired t test. (B) Normalization of the heart weight by
the tibial length; *p = 0.0363; unpaired t test. (C) Comparison between the final and initial body weights; *p b 0.05 vs. initial Sedentary;
#p b 0.05 vs. initial Trained; ANOVA with Bonferroni post-test. (D) Representative histological section from a sedentary animal (left side)
and from a trained animal (right side), showing cardiomyocyte hypertrophy with exercise training. (E) Graph of the cardiomyocyte areas;
p = 0.0098; unpaired T test. (F) Cardiac hypertrophy occurred in the absence of fibrotic tissue growth, as indicated by the proportional
collagen percentage found in the groups (left side represents a sedentary animal, right side represents a trained animal). (G) Graph of the
relative collagen deposition; p = 0.4187; unpaired t test. (H) The vascular density in the gastrocnemiusmuscle is indicative of aerobic effort
(the left side represents a sedentary animal; the right side represents a trained animal). (I) Graphical representation of vessel/muscle fiber
ratio; p = 0.0009; unpaired t test. For all, the data represent the mean ± standard error. For (A), (B) and (C), n = 9 in the Sedentary group,
and n = 11 in the Trained group. For (D), n = 6 in the Sedentary group and n = 8 in the Trained group. For (G), n = 3 in the Sedentary group,
and n = 5 in the Trained group. For (I), n = 6 in the Sedentary group, and n = 7 in the Trained group.
155Resident c-Kit cardiac stem cells in mice with physiologically hypertrophied heartindicating a higher vascular density in the muscles during
exercise (Figs. 1H–I). When this measurement was per-
formed directly on the heart, the activity of alkalinephosphatase enzyme was also increased in animals submit-
ted to swimming training, indicating an increased vascular
density in the hypertrophied heart (data not shown).
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on electrocardiographic findings
Exercise training caused an increase in the interbeat RR
interval (RRi), which was confirmed through measurements
of the sinus bradycardia at rest in the animals from the
Trained group, whose heart rate (HR) values were signifi-
cantly lower than the pre-training baseline measurements
(Table 1). Furthermore, the P-wave (atrial depolarization)
and QRS complex (depolarization of the right and left
ventricles) were longer after exercise training (Table 1),
showing that hypertrophy occurred in the four heart
chambers. In small rodents, the T-wave (repolarization of
the ventricles) is not well characterized and appears as a
shoulder of the QRS complex; thus, the QT interval
(depolarization and repolarization of the ventricles) was
measured using the apex of the T-wave, which can be
located with high accuracy. Hence, it was observed that the
whole duration of ventricular electrical activity (QT inter-
val) differed between groups, with a higher value in the
Trained group. However, when the QT interval was
corrected by the RR interval, no difference between groups
was observed (Table 1).
The c-Kit +Lin− cardiac stem cell was increased with
the exercise training
Through flow cytometry analysis it was found that the
amount of c-Kit+Lin− CSCs was significantly higher in the
trained animals (3.74 ± 1.40%) than in the sedentary animals
(0.63 ± 0.27%) (Fig. 2). The number of Sca-1+Lin− CSCs was
slightly higher in the hearts of the trained animals, but the
difference was not significant (16.29 ± 3.17% in the Seden-
tary group versus 19.52 ± 3.17% in the Trained group)
(Fig. 3).
The role of extracardiac stem cells in physiological
cardiac hypertrophy was not significant
At the 8th week after surgery, the blood chimerism of
parabiotic animals from the Parabiotic Sedentary and
Parabiotic Trained groups was evaluated. The proportion of
green fluorescent cells (eGFP+ cells) obtained from the
peripheral blood of wild-type animals was, on average,
48.24 ± 6.66% in the Parabiotic Sedentary group andTable 1 Baseline electrocardiogram pattern of anesthetized ani
Sedentary initial (n = 8) Sedentary final (
RRi (ms) 164.9 ± 9.68 149.2 ± 17.13
HR (bpm) 373 ± 22.54 407 ± 17.49
Pd (ms) 13.76 ± 0.82 15.59 ± 0.71
PRi (ms) 40.03 ± 1.07 38.89 ± 1.29
QRSd (ms) 10.68 ± 0.24 11.19 ± 0.23
QTi (ms) 13.91 ± 0.48 15.44 ± 0.73
corQTi (ms ½) 34.64 ± 1.70 40.15 ± 2.04
RRi: RR interval; HR: heart rate; Pd: P-wave duration; PRi: PR interval;
interval. The data represent the mean ± standard error, with n = 8 in
Bonferroni post-test. *p b 0.05 vs. initial Trained measurements; #p b63.12 ± 5.68% in the Parabiotic Trained group (Supplemen-
tary Figs. 2 and 3), with no significant differences between
the groups.
Upon completion of the training, the heart of the
originally wild-type animal from the parabiotic pair was
examined for the presence of CSCs that co-expressed eGFP.
The resulting average heart hypertrophic index was 5.34 ±
0.29 mg/g and 6.79 ± 0.19 mg/g for the Parabiotic Seden-
tary and Parabiotic Trained groups, respectively, with a
statistically significant difference between the groups
(Supplementary Fig. 4 and Supplementary methodology).
The flow cytometry analysis of the stem cells in the heart
that co-expressed eGFP, indicating the extracardiac origin
of these cells, showed a very low number of these migratory
cells in the undifferentiated state in the hypertrophic
hearts, which was quite comparable to that achieved in the
sedentary hearts (Fig. 4). The Parabiotic Sedentary group
showed 0.053 ± 0.028% mean values of eGFP+c-Kit+Lin− vs.
0.012 ± 0.008% in the Parabiotic Trained group, with no
significant differences between the groups (Fig. 4). This lack
of numerical difference was noticeable in the subset sample
of non-specific eGFP+ cells quantified in the heart (the
histogram shown in Fig. 4D exemplified the results from a
single trained animal compared to a sedentary animal).
When specifically considering the subsample of extracardiac
stem cells (c-Kit+Lin−eGFP+, Fig. 4E), the same lack of
significant difference is noted, as seen in the results
considering all sample groups (Fig. 4E).
Regarding the eGFP+Sca-1+Lin− cells, a percentage of
0.404 ± 0.171% and 0.353 ± 0.207% was detected in the
Parabiotic Sedentary and Parabiotic Trained groups, respec-
tively, and again, no significant difference was found
(Fig. 5).
Cardiac muscle-derived stromal cells (CMSCs) were
not modulated by physical endurance training
The colony-forming cells derived from cardiac tissue
(cCFU-F) that give rise to CMSCs did not differ in number
between the animals from the Trained (8.49 ± 1.66 CFU-Fs/
100,000 cells) and Sedentary (9.35 ± 1.26 CFU-Fs/100,000
cells) groups. Moreover, morphological observations showed
that the colonies of cells originating from trained and
sedentary animals were also similar (Figs. 6A–C).
The colony-forming efficiency of extracardiac tissue
showed no difference between the Sedentary and Trainedmals.
n = 8) Trained initial (n = 14) Trained final (n = 14)
143.7 ± 7.15 182.2 ± 7.79* #
429.6 ± 19.02 336.7 ± 13.46*
12.96 ± 0.67 15.32 ± 0. 45*
40.22 ± 1.05 41.66 ± 1.08
11.24 ± 0.44 13.12 ± 0.58*
13.91 ± 0.56 16.98 ± 0.52*
37.11 ± 1.65 40.15 ± 1.45
QRSd: QRS-wave duration; QTi: QT interval; corQTi: corrected QT
the Sedentary group and n = 14 in the Trained group; ANOVA with
0.05 vs. final Sedentary measurements.
Figure 2 Quantitative analysis of c-Kit+Lin− cardiac stem cells using flow cytometry. (A) Representative analysis of FITC-isotype
control. (B) Quantitative analysis of c-Kit+Lin− cells; *p = 0.037; Mann–Whitney test, n = 11 in the Sedentary group and n = 13 in the
Trained group. The data represent the mean ± standard error. (C) Representative result from a sedentary animal. (D) Representative
result from a trained animal.
157Resident c-Kit cardiac stem cells in mice with physiologically hypertrophied heartgroups in any of the investigated sources. The spleen-CFU-F
was 0.096 ± 0.096 CFU-Fs/200,000 cells vs. 0.094 ± 0.065 CFU-Fs/
200,000cells in the Sedentary and Trained groups, respectively.
The bone marrow contained many more bone-marrow-CFU-F
(1.596 ± 0.50 /200,000 cells vs. 2.547 ± 0.68 /200,000 cells in
the Sedentary and Trained groups, respectively). In peripheral
blood, blood-CFU-F was not detected. (Figs. 6D–F).Discussion
Wedefined here a physiological cardiac remodeling in response
to volume overload induced by physical exercise, confirmed by
morphological analyzes. Because the physical activity of
swimming makes it impossible to calculate the intensity of
the effort exerted by the animals, the finding of increased
vascular density that was quantified in the heart and in the
main exercised muscle suggests that, in fact, the detected
cardiac hypertrophy did result from aerobic effort. Thus, all
together, the presented findings allow us to state that our
swimming exercise training protocol induces true physiological
cardiac hypertrophy because increases in the cardiac mass
index occurred without any change in collagen deposition and
was also accompanied by an increase in microvascular density
in the exercised skeletal muscle with a similar result in theheart itself (data not shown). The proportionality of the
increases in the myocyte and non-myocyte compartments
excluded the possibility that a pathological process was
coupled to the hypertrophy induced by exercise training. In
fact, all data support the effectiveness of the exercise training
protocol at meeting the hypertrophy goals of this study.
To further support our morphological data showing physi-
ological cardiac hypertrophy, the electrocardiographic study
showed that, as a consequence of the cardiac structural
changes resulting from the work overload, the swimming
exercise training was also associated with the expected
electrocardiographical changes, mainly the sinus bradycardia,
which can be caused by autonomic nervous system adjust-
ments (Corrado et al., 2009) or changes in ion channel
expression in the heart after the cardiac overload induced by
exercise training. QT interval, which represents most closely
ventricular systole by contemplate the ventricular electrical
depolarization and repolarization period, proved to be
extended in the trained animals. However, when the QT
interval was corrected by the RR interval, the duration of the
ventricular electrical activity did not differ between groups, a
finding that is physiologically expected as an indicator of
normal cardiac electrical activity. In contrast, pathological
cardiac hypertrophy, such the consequent to Chagas disease,
occurs with a prolonged corrected QT interval (de Cuba et al.,
Figure 3 Quantitative analysis of Sca-1+Lin− cardiac stem cells using flow cytometry. (A) Representative analysis of PE-isotype
control. (B) Quantitative analysis of Sca-1+Lin− cells; p = 0.4774; unpaired t test, n = 12 in the Sedentary group and n = 13 in the
Trained group. The data represent the mean ± standard error. (C) Representative result from a sedentary animal. (D) Representative
result from a trained animal.
158 C.F. Leite et al.2014), indicating a prolongation of the cardiac electrical
action potential.
Concerning the CSCs in the physiologically hypertrophied
hearts, the findings regarding the numerical increase in
c-Kit+Lin− CSCs match with those found by Waring et al.
(2014), who used running exercise training. During exercise
training, the apoptosis and/or necrosis rate in physiologi-
cally hypertrophied hearts are in fact normal (Jin et al.,
2000) or even reduced (Siu et al., 2004); thus, we could
hypothesize that the increase in c-Kit+Lin− CSCs could be due
to an increase in the rate of proliferation of these cells, as
suggested by Waring et al. (2014), or due to a reduced
apoptosis/necrosis rate.
Unlike c-Kit+Lin− cells, the number of Sca-1+Lin− CSCs did
not increase in the physiologically hypertrophied heart after
exercise training. This finding was different from those
presented by Xiao et al. (2014b). Such inconsistence may
reflect the different methods and/or different tissue samples
used. While Xiao et al. (2014b) investigated the Sca-1+ cells in
sections of the apex of the heart by means of immunofluores-
cencemicroscopy (Xiao et al., 2014b), in the present study the
measurements were done considering the absolute number of
Sca-1+Lin− cells obtained from a myocyte-depleted cell
fraction of the total heart. Furthermore, the coexpression of
any hematopoietic cell lineage marker was excluded from ourcell samples by using an anti-lineage antibodies cocktail. In
our study, the inability to increase the number of Sca-1+Lin−
cells in the heart after exercise training remains to be
elucidated.
Although both c-Kit+Lin− and Sca-1+Lin− have been shown
to be undifferentiated cardiac cells with differentiation
ability, a clear difference seems to have been established
between these cells at the molecular level (Dey et al., 2013).
A study of their transcriptional profiles revealed that c-Kit+
represents a highly undifferentiated phenotype of the stem
cells in the heart, and they show repression of cardiac
lineage-related genes (Dey et al., 2013). Parallel analysis
showed that Sca-1+ cells present a much higher correlation
with cardiomyocytes comparedwith that of c-Kit+ cells (Dey et
al., 2013). Thus, we speculate that both types of stem cells are
possibly stimulated in the heart area in similar proportions.
However, Sca-1+ cells could preferentially differentiate into
cardiomyocytes in response to a stimulus triggered by
increased volume overload, while the c-Kit+ cells are
maintained in an undifferentiated state, thus explaining the
maintenance of the number of Sca-1+Lin− cells and the
increase in the number of c-Kit+Lin− cells. This maintenance
of the multipotent state does not diminish the importance of
these c-Kit+Lin− cells because in vitro experiments showed
that when c-Kit+ cells were co-cultured with adult
Figure 4 Quantitative analysis of c-Kit+Lin−eGFP+ using flow cytometry. (A) Representative result from an animal from the
Parabiotic Sedentary group and (B) one from the Trained Parabiotic group. (C) The histograms show the overlapping data from
sedentary parabiotic and trained parabiotic animals for the eGFP+ subset sample (D) for the c-Kit+ population that also exhibits eGFP
and is negative for Lin. (E) Quantitative analysis of c-Kit+Lin−eGFP+ cells. The data represent the mean ± standard error. p = 0.200;
Mann–Whitney test, n = 3 in both groups.
159Resident c-Kit cardiac stem cells in mice with physiologically hypertrophied heartcardiomyocytes, the cardiomyocyte survival was increased,
which was ascribed to the secreted growth factors IGF-1
(insulin-like growth factor 1) and VEGF (vascular endothelial
growth factor), demonstrating that c-Kit+ cardiac cells may
have paracrine effects that ensure the survival of
cardiomyocytes (Miyamoto et al., 2010).
Furthermore, it was recently observed that in all stages
of cardiac development, c-Kit+ cells contribute little tocardiomyocyte differentiation, which possibly occurs at a
functionally insignificant level (van Berlo et al., 2014). This
finding supports our hypothesis that c-Kit cardiac cells are
maintained in an undifferentiated state in the heart during
physiological cardiac hypertrophy.
The speculated high proliferation rate of c-Kit+Lin− cells
in the heart could also be due to autonomic influences on
the heart because exercise sessions induce increased
Figure 5 Quantitative analysis of Sca-1+Lin−eGFP+ cells using flow cytometry. (A) Representative result from an animal from the
Parabiotic Sedentary group and (B) the Parabiotic Trained group. (C) The histograms show the overlapping data from sedentary
parabiotic and trained parabiotic animals for the eGFP+ subset sample (D) for the Sca-1+ population that also exhibits eGFP and is
negative for Lin. (E) Quantitative analysis of Sca-1+Lin−eGFP+ cells. The data represent the mean ± standard error. p = 0.686; Mann–
Whitney test, n = 4 in both groups.
160 C.F. Leite et al.sympathetic activity, which is imposed on the cardiovascular
system during effort; the sympathetic activity later returns
to basal levels, demonstrating an intermittent stimulatory
action. Because cardiac homeostasis is closely linked to
adrenergic signaling throughout our lifetime, a major study
investigated the existence of a direct relationship between
the beta-adrenergic receptor system and CSCs (Khan et al.,
2013). The c-Kit CSCs express cardiac β2-adrenergic receptorsthat respond to a stimulus, ensuring the proliferation of these
multipotent cells via ERK-Akt and promoting the survival and
proliferation of c-Kit+ CSCs via β2-adrenergic receptors (Khan
et al., 2013). We believe that unlike the sustained adrenergic
stimulation observed in pathological conditions, physical
activity induces a proliferation of c-Kit+ cells mediated by an
intermittent cardiac adrenergic stimulus onβ2- receptors that
is not sufficient to induce the differentiation of these cells.
Figure 6 Colony-forming efficiency assays for adherent, non-hematopoietic cells from the heart, blood, spleen and bone marrow.
The obtained cells from different sources were quantified and plated (cardiac cells at a density of 100,000 cells/well and spleen,
blood and bone marrow cells at a density of 200,000 cells/well). On the 13th day after plating, the cells were fixed and stained, and
then colonies containing 50 or more cells similar to fibroblasts were counted. (A) Representative colonies from the heart of a
sedentary animal and (B) a trained animal. (C) Graph of the colonies obtained per group, expressed as the mean ± SEM, with n = 13 in
the Sedentary group and n = 10 in the Trained group; p = 0.6799, unpaired t test. (D) Representative spleen colonies from a trained
animal. (E) Representative bone marrow colonies from a sedentary animal. (F) Graphical representation of the colonies obtained per
group, expressed as the mean ± standard error, with n = 13 in the Sedentary group and n = 16 in the Trained group; Kruskal–Wallis
test with Dunn's post-test.
161Resident c-Kit cardiac stem cells in mice with physiologically hypertrophied heartFor us, the short period of this sympathetic stimulation during
exercise training sessions, or its transience, causes the
increase in the number of detected c-Kit+ cells.
It has been suggested that circulating cells participate in
the regeneration of cardiac muscle (Barile et al., 2007), as
demonstrated through the analysis of sex-mismatched post
transplanted hearts (Angelini et al., 2007; Laflamme, 2002;
Quaini et al., 2002). This process occurs because stem cells
may respond to environmental cues at remote sites (Oh et
al., 2004). In order to evaluate the potential role played by
circulating cells in physiological cardiac hypertrophy due to
exercise training we have decided to use one of two
commonly used approaches: parabiosis instead bone marrow
transplantation after subletal ablation. Parabiosis comprises
just the surgical attachment of two animals (eGFP transgen-
ic/wild type mice) without any procedure to induce
sublethal ablation of bone marrow using gamma radiation
and/or chemotherapy in wild type receptor mouse (Wagers
et al., 2002). In this last procedure the targeted tissue, i.e.
the heart, could be injured by the irradiation, or even by the
chemotherapy alternatively. And a chemotherapy- or
irradiation-injured tissue could facilitate the homing of
stem cells and even their differentiation into cells of the
tissue where they were targeted (Anderson et al., 2001).
This potential confoundent issue is completely avoided usingparabiosis model, since after parabiosis induction surgery
(after thirty days in our protocol) no injury in any tissue is
reported and a cross-circulation is well established with
around half of circulating cells being eGFP+ cells. Another
point to be considered is that parabiotic animals provide a
continuous source of donor cells into the circulation and this
must exceed the results obtained with bone marrow cell
transplantation models, whose cellular behavior may vary
with the time of transplantation (Abe et al., 2004). In
addition it is reported that bone-marrow-CFU-F and
cardiac-CFU-F are radiation sensitive (Chong et al., 2011).
However, our findings confirmed that despite the high
levels of cross-engraftment of hematopoietic cells, the
analysis of the heart tissue from parabiotic animals,
regardless of physical training, revealed very little evidence
of extracardiac cells that are targeted to the heart. The
same result was observed in another study that followed
parabiotic mice for a period of 6–7 months, aiming to
investigate the post-grafting rate, which was shown to be
negligible (Wagers et al., 2002). Thus, similarly to Wagers et
al. (2002), we believe that trans-differentiation of HSCs into
nonhematopoietic cells is not a common outcome of the HSC
developmental program, and the steady-state tissue regen-
eration appears to predominantly result from tissue-resident
cells rather than from circulating cells (Wagers et al., 2002).
162 C.F. Leite et al.Taken together, these data and the insignificant partic-
ipation of cells that are attracted to the heart, which
migrated through the blood circulation, clearly show that
the increase in the amount of c-Kit+Lin− cells that followed
physiological cardiac hypertrophy in the trained animals
was, in fact, due to endogenous CSCs. Furthermore our
results cannot demonstrate whether the resident stem cells
presented in higher numbers in the trained hearts had an
increased rate of cell division or conversely, whether the
cell death was decreased due to a protected microenviron-
ment generated by the growth factors released during the
cardiac remodeling and growth. The investigation of mech-
anisms that are possibly responsible for the CSC proliferation
and/or cell death protection, as well as the establishment of
the cardiac profile that was modulated by the factors
released during physical activity, which affects endogenous
CSCs, will yield results that are relevant to this study, and
remain under investigation.
Colony forming efficiency is generally considered to be an
estimate of the number of stem/progenitor cells within a
tissue, specifically for cardiac muscle-derived stromal stem/
progenitor cells (Javazon et al., 2004). The colony forming
efficiency results from cardiac tissue lead us to believe that
the number of CMSC population remains unchanged in the
heart after swimming exercise training. The colony forming
efficiency from extracardiac sources was also investigated.
Spleen-CFU-F was studied because this organ represents the
largest extramedullary hematopoiesis site in pathological
conditions (Morita et al., 2011). In turn, to represent the
major reservoir of adult stem cells, bone-marrow-CFU-F was
also investigated. Circulating CFU-F population was exam-
ined using peripheral blood. The absence of blood-CFU-F
confirmed previous findings that in general, stromal-like
cells appear to be absent in the circulation under physiolog-
ical conditions (da Silva Meirelles et al., 2006). In contrast,
studies of pathological processes indicate that colonies
formed by stromal-like cells in peripheral blood can be
detected (Chen et al., 2010; Rochefort et al., 2006). It
remains uncertain whether stromal-like cells can be mobi-
lized in a way similar to hematopoietic stem cells under
stressful conditions and recruited to the injured sites.
However, it was previously demonstrated that there was no
interchange between bone marrow total cells and
cardiac-CFU-Fs even after injury induced by myocardial
infarction (Chong et al., 2011). Probably the diverse origins
for CFU-Fs define distinct differentiation fates that could
also influence their capacity for participating in tissue repair
(Chong et al., 2011). Since no difference between the
Sedentary and Trained groups was found regarding the CFU-F
efficiency assay, it seems that physical activity does not
modulate the number of CFU-Fs in any of the different
sources tested.
An important limitation of our study regarding CMSCs was
the lack of immunophenotyping of these cells in order to
better characterize them in both sedentary and trained
conditions. Taking into account recent papers by Chong at
al. (2011) and Pelekanos et al. (2012), we can presume that
these cells are not similar to c-Kit+Lin− CSCs, since they are
completely negative for c-kit expression, are adherent on
uncoated plastic surfaces and are able to grow in unriched
medium like DMEM (Chong at al., 2011; Pelekanos et al.,
2012). On the other hand, regarding sca-1 marker, there isthe possibility that CMSCs can share some common proper-
ties with Sca-1+Lin− CSCs, since both cells are positive for
sca-1 marker and negative for hematopietic and endothelial
lineage markers, can grow in unriched medium and can
adhere to plastic surfaces (Oh et al., 2003; Chong at al.,
2011; Pelekanos et al., 2012), arguing that these cells can be
the same cell population. Curiously, our results during
exercise training in which both cells are not modified by
training protocol favor this assertion. However, more
experiments using for example lineage tracing protocols
should be designed and performed in a near future to resolve
this issue.Conclusion
In conclusion, the number of endogenous resident c-Kit+Lin−
CSCs increased during physiological cardiac hypertrophy,
whereas neither Sca-1+Lin− CSCs nor cardiac muscle-derived
stromal cells seemed to contribute to the physiological
cardiac remodeling that results from swimming exercise
training in mice.
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